Despite the fact that ribosomal proteins are the constituents of an organelle that is present in every cell, they show a surprising level of regulation, and several of them have also been shown to have other extra-ribosomal functions, such in replication, transcription, splicing or even ageing. This review provides a comprehensive summary of these important aspects.
Introduction
Protein synthesis requires accurate translation of the nucleotide sequence of messenger RNA (mRNA) to the amino acid sequence of a protein. This translation of mRNA to protein is carried out by the ribosome and transfer RNA (tRNA), along with other protein factors. In past years, studies on the structure of the ribosome have led us to understand this complex process of protein synthesis. The ribosome consists of two subunits, each of which is made up of ribosomal RNA (rRNA) and many ribosomal proteins. Structurally, ribosomes of prokaryotes and eukaryotes vary by the types of rRNA and protein molecules found in them. The prokaryotic 70S ribosome has a small 30S and a large 50S subunit. The 30S subunit consists of one 16S molecule of rRNA and about 21 proteins, while the 50S subunit consists of two rRNAs (5S and 23S) and 31 proteins. The eukaryotic 80S ribosome has a small 40S and a large 60S subunit. The 40S subunit consists of one 18S molecule of rRNA and about 33 proteins, whereas the 60S consists of three rRNAs (5S, 28S and 5.8S) and about 50 proteins. 1 During protein synthesis, the small ribosomal subunit plays a role in accurate codon-anticodon recognition between the mRNA and tRNA molecules, while the large subunit is mainly involved in the peptide bond formation of the growing amino acid chain. In addition, structural studies of the ribosome have now revealed that they are also involved in functions such as the translocation of tRNA and mRNA on the ribosome. 2 Apart from protein synthesis, many of the ribosomal proteins are shown to be involved in other cellular functions, independent of the ribosome. 3 Their first extra-ribosomal activity was observed for S1, as a replicase in the RNA phages, and numerous extra-ribosomal functions of these proteins have subsequently been discovered. This bifunctional tendency of ribosomal proteins can be explained by theories postulating the preexistence of the ribosomal proteins as independent molecules before forming the components of the ribosome. 3 Another interesting functional aspect of the ribosomal proteins is their regulation. These proteins are shown to affect the mechanisms of development, apoptosis and ageing during their altered expression levels. In this review, information on the extra-ribosomal roles of these proteins is provided, along with information about their specific regulation in different cellular functions. Detailed lists of all functions and regulation are presented as Tables S1 and S2. The other lives of ribosomal proteins REVIEW
Extra-ribosomal properties of the ribosomal proteins
Ribosomal proteins and gene expression Temporal regulation of gene expression is critical for cell survival and function. Chromatin modification, transcription, translation, RNA processing and post-translational modification are the major checkpoints for a cell to regulate gene expression. Many of the prokaryotic and eukaryotic ribosomal proteins are involved in the regulation of their own expression or expression of other genes at different levels of gene regulation ( Table 1) .
Ribosomal proteins and nucleic acid replication
During viral infection, viruses recruit some of the host machinery in order to produce new viral particles. The synthesis of new viral particles requires the replication of the viral genome, and in most of the DNA viruses the duplication of their genome is carried out by the host replication system. Ribosomal proteins are shown to take part in the genome replication in both DNA and RNA viruses. The ribosomal protein L14 helps Rep helicase to unwind the DNA during replication of the bacteriophage genome, 12 and S1 is a subunit of Qb replicase that replicates the genome of RNA coliphage Qb. 3 In yeast, L3 helps in replication or maintenance of the double-stranded RNA genome. 26 Ribosomal proteins and DNA repair Any damage to DNA disrupts the genome's integrity and thus proves fatal to the cell. The causes of such DNA damage are either metabolic processes within the cell or environmental factors like radiation/mutagens. Several DNA repair mechanisms exist within the cell to correct DNA damage. The type of mechanism employed is determined, in turn, by the type of damage. Ribosomal proteins are shown to function in DNA repair mechanisms in both prokaryotes and eukaryotes ( Table 2 ).
Regulation of ribosomal proteins
Ribosomal proteins and the cell cycle The cell undergoes different phases of growth and division during the cell cycle. The progression of a cell through these phases is controlled by cyclin/ cyclin-dependent kinases (Cdk) and regulatory molecules of cell cycle checkpoints. Ribosomal proteins have been shown to alter the cell cycle fate by interacting with these molecules as an extraribosomal function. Human L34 inhibits the cell cycling proteins Cdk4 and Cdk5. 30 L26 binds to the 5 0 untranslated region (UTR) of p53 mRNA upon DNA damage and increases translation of p53, a key player in cell cycle regulation and apoptosis. 31 Many of the other ribosomal proteins function to control the cell cycle and apoptosis through their expression levels. Abnormal expression levels 32 and L13a 33 in humans interfere with cell cycle progression by arresting the cell cycle and inducing apoptosis. The involvement of ribosomal proteins in apoptosis is further evidenced by their interaction with Mdm2, a ubiquitin ligase that keeps a check on P53 levels under normal cellular conditions. The mammalian ribosomal protein L26 interacts with Mdm2 and thus regulates p53 levels. 34 Many more eukaryotic ribosomal proteins (S7, S19, S20, S27L, L5, L22 and L23) function in p53-mediated apoptosis. 35 -38 In humans, the ribosomal protein S3 is shown to induce caspasedependent apoptosis. 12 Also, some of the ribosomal proteins involved in apoptosis are over-expressed in cancers (Table 3) .
Ribosomal proteins and disease
Any defects in ribosomal proteins affect the synthesis of proteins that are required by a cell for carrying out vital cellular functions. Apart from protein synthesis, some of the ribosomal proteins are implicated in disease conditions owing to abnormal expression levels or expression of mutated genes. A mutation in ribosomal protein S19 was initially characterised as the cause of Diamond-Blackfan anaemia (DBA), a congenital erythroid aplasia. 51 Subsequently, ribosomal proteins S17, S15, S24, S7, L5 and L11 were also found to be involved in DBA. 52 It also has been shown that ribosomal proteins S3A (mouse) and S19 (zebrafish) function in erythropoiesis. 18, 53 The function of these ribosomal proteins in erythropoiesis and DBA might give some clues as to how defects in the ribosomal proteins lead to the low red blood cell count in DBA patients.
In some disease conditions, the expression levels of the ribosomal proteins play an important role, as in Turner syndrome and human cataracts. Turner syndrome has been linked to a deficiency in human ribosomal proteins 4X and 4Y (isoforms of rps4), 54 and expression of L7A, L15 and L21 is downregulated in human cataracts. 55 A similar syndrome, named Noonan's syndrome, has been linked to ribosomal protein gene rpl6. This gene was found to be located in the same chromosome locus as Noonan's syndrome. 56 Other ribosomal proteins, such as S14, L24 and S26, are associated with 5q syndrome, mouse Bst and diabetes, respectively. 19, 57, 58 Ribosomal proteins and developmental regulation During the development of an organism, the cells undergo growth and differentiation to give rise to tissues and organs. These processes are regulated by spatial and temporal control of gene expression. The ribosomal proteins that are involved in protein synthesis are also found to regulate development in many species. In Arabidopsis, some of the ribosomal protein genes are termed embryo defective, as mutated forms of these genes are lethal to embryo development. 59 A similar study in zebrafish has shown that ribosomal protein L11 affects embryological development in this species. 60 In animals, ribosomal proteins are involved in processes such as oogenesis and gonad development. The ribosomal protein S2 in Drosophila melanogaster and S15A in sea urchins play a role in oogenesis, while S4 in human is involved in gonad development. 3 Developmental defects in genes such as Drosophila minutes, mouse Bst (belly spot and tail), which encodes rpL24, and Dsk (dark skin mutants), which encodes rpS19, are also the result of defective ribosomal proteins. Organisms with these conditions exhibit various growth defects and have reduced adult size.
Since protein synthesis is the essential process that needs to be regulated during development, expression levels of ribosomal proteins are also regulated during the different developmental stages (Figure 1 ). Any change in this expression profile thus affects the protein machinery that is necessary for the normal development of an organism.
Ribosomal proteins and lifespan regulation
Many recent studies have come up with different mechanisms by which an organism regulates its life span. The insulin/insulin-like growth factor 1 signalling (IIS) pathway and caloric restriction (CR) has been the major players of lifespan regulation in many species. 61 In the insulin signalling pathway, the components of this pathway, such as abnormal DAuer Formation (DAF)-2 or the downstream factor DAF-16, regulate the expression of various genes involved in metabolism, the stress response and other processes that shorten life span. 61, 62 In CR, the life span of an organism is increased by decreasing the caloric intake. There is not much evidence of the mechanism by which CR affects the life span but some genes have been identified in Caenorhabditis elegans that influence life span regulation through CR. 61 It is further observed that the genes involved in CR mechanism are also linked to the IIS pathway. 63, 64 Another player of longevity is the nutrient-responsive pathway mammalian target of rapamycin (mTOR). 65 Both IIS and mTOR have a common downstream factor, ribosomal protein S6 kinase 1, which functions in regulating the mammalian life span. 66 Thus, these different pathways interact with each other to regulate longevity. Also, many of the genes essential for growth and development are shown to extend the life span of a wide range of organisms. Among these genes are those involved in protein synthesis. The inactivation of translation initiation factors and ribosomal proteins S3, S8 and S11 was observed to increase the mean life span in Caenorhabditis elegans. 61 This indicates that the cell conserves its energy by keeping a check on protein synthesis.
Clearly, ribosomal proteins have additional functions outside the ribosome which are also regulated. One would expect that this would not be the case for such 'housekeeping' factors (indeed, several ribosomal protein genes are used as controls to normalise for gene regulation). Why does such regulation exist, and is it important? One answer could be that differential regulation might slow or speed up the process of protein synthesis. In the case of life span extension, it seems that downregulation of protein synthesis is involved. Another interesting aspect is how these extra-ribosomal functions have evolved; one possibility is via gene duplication, something that has been suggested for plant development and also in yeast. 38, 59 These properties provide an important evolutionary paradigm in which nature uses existing genes for diversification. 
